We study the influence and interplay of initial state and final state effects in the dynamics of small systems, focusing on azimuthal correlations at different multiplicities. To this end we introduce a new model, matching the classical Yang-Mills dynamics of pre-equilibrium gluon fields (IP-GLASMA) to a perturbative QCD based parton cascade for the final state evolution (BAMPS) on an event-by-event basis. Depending on multiplicity of the event, we see transverse momentum dependent signatures of the initial, but also the final state in azimuthal correlation observables, such as v 2 {2PC} (p T ). In low-multiplicity events, initial state correlations dominate for transverse momenta p T > 2 GeV, whereas in high-multiplicity events and at low momenta final state interactions dominate and initial state correlations strongly affect v 2 {2PC} (p T ) for p T > 2 GeV as well as the p T integrated v 2 {2PC}. Nearly half of the final pT integrated v 2 {2PC} is contributed by the initial state in low-multiplicity events, whereas in high-multiplicity the share is much less. Based on Ref.
Introduction
The measured azimuthal momentum anisotropies of produced particles in heavy ion collisions are well described in the framework of event-by-event hydrodynamics [2] . Measurements in smaller collision systems such as p+p and p+A, in particular those of anisotropies in multi-particle correlation functions, have shown very similar features as those in heavy ion collisions. While calculations within the hydrodynamic framework have been quite successful in describing observables in these small collision systems (even though the applicability of hydrodynamics becomes increasingly doubtful as the system size decreases and gradients increase [3, 4] ), alternative explanations relying entirely on intrinsic momentum correlations of the produced particles can also reproduce many features of the experimental data [5, 6] . So far all calculations of multi-particle correlations in small collision systems have studied either only intrinsic momentum correarXiv:1903.00314v1 [nucl-th] 18 Feb 2019 lations or purely final state driven effects. Here we present the first study where both effects are combined into a single framework to assess their relative importance [1] .
Intial and final state interactions
We present a new model, where we compute initial state gluon Wigner-distributions from the Impact Parameter dependent Glasma model (IP-Glasma) [7, 8] and via sampling of individual gluons feed them into the partonic transport simulation 'Boltzmann approach to multiparton scatterings' (BAMPS) [9] .
We calculate the solution to the classical Yang-Mills equations of motion up to τ 0 = 0.2 fm/c following the standard procedures described in [7, 8] , including event-by-event fluctuations of the proton's geometrical structure [10] . Event-by-event we extract fluctuating ensembles of individual gluons in a boost-invariant geometry. Their distribution is anisotropic in momentum space [11, 12] , thus contains the intrinsic momentum space correlations of the color glass condensate picture. The classical Yang-Mills evolution includes rescattering effects at early times but the semiclassical description of the dynamics becomes inapplicable after a relatively short time when quantum effects become important and the subsequent dynamics is more appropriately described in terms of weakly interacting quasi-particles [13, 14] . This is why we simulate the dynamics within 0.2 fm/c < τ < 2.0 fm/c, with a 3+1-dimensional Boltzmann approach to multi-parton scatterings (BAMPS), which, starting from the initial phase-space density of the sampled gluons, solves the relativistic Boltzmann equation
of massless partons [9] by employing elastic and radiative perturbative QCD cross sections.
Evolution of azimuthal anisotropies
In the left panel of Fig. 1 , we show the evolution of the azimuthal momentum space anisotropy for √ s = 5.02 TeV p+Pb collisions characterized by the Fourier harmonics v n {2PC} of the two-particle correlation function (following the experimental analysis method [15] ). We show v 2 {2PC}(p T ) at different times, t = 0.2 fm/c (initial) − 2 fm/c for low multiplicity 0.5 < dN g /dy / dN g /dy < 1 and high multiplicity dN g /dy / dN g /dy > 2.5 events. While in both cases momentum correlations lead to a sizeable initial state v 2 , the subsequent dynamics is quite different: In high multiplicity events, we observe a pronounced effect of the final state interactions such that the high initial anisotropy at intermediate momenta (p T ∼ 2 − 5 GeV) is significantly reduced within the first 0.2 fm/c evolution in the parton cascade, while at the same time the correlation strength at higher and lower momenta begins to increase. Subsequently, the azimuthal anisotropy increases for all p T and as a result, the pronounced peak at around p T ∼ 3 GeV, present after the IP-Glasma stage, is washed out by the final state interactions. For low multiplicity events, in contrast, modifications due to final state effects are less significant, as the final curve v 2 (p T ) closely resembles that of the IP-Glasma initial state. Only at low transverse momenta the azimuthal anisotropy increases. These results confirm the basic expectation that final state effects gain significance as the density of the medium increases [16, 6] .
We find that the average number of interactions in low-multiplicity events (N scat = 4.5±1.1) is almost the same as in high-multiplicity events (N scat = 5.6±1.1), but the average number of large angle scatterings is in fact significantly larger in high-multiplicity events (N large angle scat = 1 ± 0.18) as compared to low-multiplicity events (N large angle scat = 0.53 ± 0.14). In order to further disentangle the effects of initial state momentum correlations and final state response to geometry, we performed an additional set of simulations (labeled rand. azimuth) where the azimuthal angle of the transverse momentum p T of each gluon is randomized (0 < ϕ p T < 2π) before the evolution in the parton cascade. Our results are compactly summarized in the right panel of Fig. 1 , where we compare v 2 {2PC}(p T ) in the different scenarios. No initial state momentum correlations are present in the rand. azimuth case (open gray symbols) and the initial state v 2 vanishes identically at t = 0.2 fm/c. However, over the course of the kinetic evolution a v 2 (p T ) of ∼ 4% at p T ∼ 2 GeV in high multiplicity events and 3% at p T ∼ 1 GeV in low multiplicity events is built up. Nevertheless, for momenta above p T ∼ 2.0 GeV (low multiplicity) and p T ∼ 4.0 GeV (high multiplicity), the purely final state v 2 in the rand. azimuth scenario remains significantly below the initial state + final state v 2 of the full calculation, indicating the importance of initial state momentum correlations.
Initial state vs. final state effects
In Fig. 2 we study the time-evolution of the p T integrated v 2 {2PC}. While in the rand. azimuth case the v 2 {2PC} is built up slowly as a function of time in response to the initial state geometry, a qualitatively different behavior emerges in the more realistic case including initial state correlations. In this case, large angle scatterings at early times begin to destroy initial state momentum correlations leading to an initial decrease of v 2 {2PC} as a function of time. This happens because the directions of the initial state anisotropy and the eccentricity responsible for generating the final state v 2 are generally uncorrelated. Subsequently, between t ∼ 0.5 − 1 fm/c the response to the initial state geometry sets in, leading again to an increase of v 2 {2PC}. We observe that the effect of initial state momentum correlations remains even in high-multiplicity events, where about 15% of the flow can be attributed to the initial state, compared to about 45% for lowmultiplicity events.
Conclusions
The observed large momentum anisotropies in small systems have challenged our understanding of the space-time evolution of high-energy nuclear collisions. We developed a new framework including both initial state momentum correlations and final state interactions. Based on a weak-coupling picture of the space-time dynamics, we are able to consistently describe the gradual change from an initial state dominated to a final state dominated scenario, and find, that both initial state and final state effects can be quantitatively important for two-particle correlations in p+Pb collisions, depending on multiplicity.
